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Abstract—Hollow optical fibers composed of glass capillary
tubing with an inner coating of aluminum thin film are fabricated
for delivery of ultraviolet and vacuum ultraviolet light. The alu-
minum film is formed by a chemical vapor deposition method
employing a metalorganic aluminum as a precursor. Transmission
properties of the aluminum-coated hollow fibers are evaluated
with ArF- and F2-excimer lasers. Spectroscopy measurement in
the vacuum ultraviolet region is also performed.
Index Terms—Excimer lasers, hollow optical fibers, optical fiber
fabrication, ultraviolet spectroscopy.
I. INTRODUCTION
WAVELENGTHS below 190 nm is a undeveloped regionfor optical fibers because glass materials are not trans-
parent at these wavelengths. The ArF-excimer laser wavelength
of 193 nm is almost the short limit of transparent band for a
silica glass. Although some silica-glass fiberoptics have been
developed for ArF laser light, when irradiated with high-energy
density beam, the glass can be deteriorated due to light-induced
defects [1]–[4]. Other transparent crystal materials such as flu-
orides are not applicable for producing optical fibers. When one
needs to deliver vacuum ultraviolet (VUV) light, therefore, usu-
ally rigid metal-pipe fittings are employed to keep the optical
path in a high vacuum to eliminate absorption in air. This causes
an additional cost in the optical systems and limits the applica-
tion of VUV systems.
As a flexible delivery medium for UV and VUV light, we
have proposed and developed hollow optical fibers [5], [6].
These fibers are applied to any wavelengths below 200 nm by
evacuating the hollow core or filling it with an inert gas. In this
paper, we show the design, fabrication, and optical properties
of our hollow optical fibers.
II. PRINCIPLES
Hollow optical fibers have a hollow core which is filled with
air, an inert gas, or kept in vacuum and the core is surrounded
with metal or dielectric cladding. By choosing a gas which is
transparent at the desired wavelength, the absorption loss in the
core can be eliminated. Therefore, these fibers are suitable for
delivery of a high-energy density beam which causes damage
on the glass. In addition, a laser beam transmitted in these fibers
is not effected by nonlinearity of the core material since one
can choose a gas with small nonlinear coefficients. The guiding
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Fig. 1. Loss spectra of hollow fibers with different cladding materials.
Gaussian beam with a divergence angle of 2 at FWHM is assumed as an
incident beam for fibers which are 1 m in length and 1 mm in diameter.
mechanism of hollow optical fibers is different from conven-
tional glass-fiber optics because the refractive index of the core
is lower than that of the cladding. There is no total reflection
at the boundary between the core and the cladding; thus, light
transmits in the core as a leaky mode with a transmission loss.
When a power reflection at the core-clad boundary is , a power
attenuation coefficient in the hollow optical fiber with an
inner diameter is
(1)
where is the refractive index of the core (usually ),
is the wavenumber in vacuum, and is a normalized transverse
phase constant of the delivered mode [7]. Although the attenua-
tion cannot be zero theoretically, the loss can be very low when
the reflection is close to unit. There have been some methods
proposed to reduce the loss of hollow fibers. A silver cladding
with a dielectric cover layer which enhances the reflection at
designed wavelengths due to the interference effect is popularly
used for the fibers which target mid-infrared lasers [8]–[12]. A
dielectric multilayer is also employed as a cladding to reduce
the loss owing to the bandgap effect [13], [14].
In the UV region, however, silver is not suitable for the
cladding material. Fig. 1 shows loss spectra of hollow fibers
with aluminum, silver, and silica glass cladding. These spectra
in extreme ultraviolet to UV regions are calculated by a
ray-optic method using the complex refractive indexes in lit-
erature [15]. A Gaussian beam with a divergence angle of 2
at full-width half-maximum (FWHM) is assumed an incident
beam for fibers which are 1 m in length and 1 mm in diameter.
In the wavelength region from 30 to 300 nm, due to the high-re-
flection coefficient, aluminum is the most appropriate cladding
material and an additional dielectric layer has little effect on the
1077-260X/04$20.00 © 2004 IEEE
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Fig. 2. Fabrication setup of aluminum-coated hollow optical fibers.
Fig. 3. AFM photographs of deposited aluminum surfaces: (a) aluminum
formed without pretreatment and (b) aluminum formed after pretreatment with
TiCl .
loss reduction because the real part of the complex refractive
index is small in short wavelengths.
III. FABRICATION
For delivery of UV and VUV light, we proposed an alu-
minum hollow fiber which is based on a glass capillary tube
with an inner diameter smaller than 1 mm. To form an aluminum
thin-film coating on the inside of the capillary tube, a metal-or-
ganic chemical vapor deposition (MOCVD) technique is em-
ployed, and a schematic view of the coating setup is shown in
Fig. 2. As a metal organic precursor, dimethylethylamine-alane
(DMEAA) is chosen because it is not pyrophoric and is easy to
handle in our laboratory [16]. Since DMEAA is a liquid at room
temperature and has a relatively high vapor pressure ( Pa
at 25 C), the vapor is introduced into the bore of capillary
tubing by evacuating it with a vacuum pump. A thin aluminum
film is formed on the inside when heated to higher than 80 C
by using a small furnace. A uniform film coating is produced
by slowly shifting the furnace along the capillary tubing. In the
coating process, some capillary tubing are bundled together to
obtain enough conductance for the vapor flow. Before the alu-
minum coating process, vapor of titanium chloride is introduced
into the tube to sensitize the glass surface. Fig. 3 shows sur-
faces of aluminum films coated with and without the pretreat-
ment, which are taken by atomic force microscopy. It is shown
Fig. 4. Measured loss spectra of aluminum- and silver-coated hollow fibers in
vacuum-UV and UV regions. Fibers are with an inner diameter of 1 mm and a
length of 17 cm.
that the TiCl sensitizing effectively reduces the surface rough-
ness of the aluminum from 100 to 10 nm in root-mean-square
(rms) value. The pretreated film exhibits a shiny mirror surface,
in contrast to the milky gray film without the sensitizing process.
IV. TRANSMISSION PROPERTIES AND APPLICATIONS
A. VUV–UV Loss Spectra
We first evaluated transmission properties of fabricated alu-
minum hollow fibers by measurement of loss spectra in VUV
to UV wavelengths using a conventional VUV monochromator
with a deuterium light source and a photomultiplier. The mea-
surement system provides scanning wavelengths from 120 to
350 nm. All the optical paths were kept in high vacuum at the
pressure lower than 2 10 Pa. Fig. 4 shows a measured loss
spectrum of an aluminum hollow fiber with a length of 17 cm
and a bore size of 1 mm. For comparison, a loss spectrum of
a silver-coated hollow fiber with the same size is also shown
in Fig. 4. The silver hollow fiber was fabricated by a conven-
tional mirror plating technique and the measured rms roughness
of the silver film was around 10 nm, which is the same as that
of the aluminum hollow fiber. In contrast to the loss of the silver
hollow fiber that abruptly increases below 320 nm, which is a
bandgap wavelength of silver, the aluminum hollow fiber ex-
hibits a flat spectrum with lower losses. Since the loss increase
in short wavelengths is due to the surface roughness, further loss
reduction is possible if the inner surface roughness of the alu-
minum hollow fiber is reduced
B. ArF-Excimer Laser Delivery
We used an ArF-excimer laser generating the output pulse
energy of 8 mJ at the repetition rate of 200 Hz. The laser beam
having a rectangular beam shape (3 6 mm) was focused by a
CaF lens with a focal length of 250 mm. The input end of the
hollow fiber was placed at the beam waist whose spot diameter
is around 0.8 mm.
We first tested the fiber without a gas flow in the bore of fiber.
When the hollow fiber placed in air was radiated by the ArF-ex-
cimer laser beam, the transmission loss increased from around
1 dB to more than 4 dB in a few seconds. This was because
oxygen was converted to ozone by radiation of ultraviolet light
with a high energy density. This resulted in a loss increase of the
hollow fiber owing to the large absorption coefficient of ozone
for UV light. To solve this problem, we introduced a nitrogen
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Fig. 5. Bent and straight losses of aluminum-coated hollow fibers for
ArF-excimer laser light. Fibers are 1-m long and different in diameters.
gas flow into the bore of hollow fiber by using a gas-inlet at-
tachment which was set at the input end of fiber. The flow rate
of nitrogen was around 50 ml/min.
The straight loss of 1-m-long 1-mm-bore aluminum hollow
fiber was 1.0 dB, which was stable with a constant gas flow
of nitrogen. We also performed a cut-back measurement and
found that the coupling loss between the laser beam and the fiber
was as large as 0.6 dB and that the attenuation loss was around
0.2 dB/m. One of the reasons for this large coupling loss is mis-
match between the rectangular laser beam and delivery modes
in the circular hollow fiber. It is possible to convert the rectan-
gular beam shape to round one by using a pinhole. However,
the use of pinhole induces considerably large loss of input laser
energy.
Fig. 5 shows bending losses of the aluminum hollow fiber
with a length of 1 m and different diameters. In the measure-
ment, the input end with the length of 20 cm was kept straight
for optical alignment and the rest of the fiber was uniformly
bent into desired radii by using a bending jig. Although the
small-bore fibers show higher losses when they are straight, the
differences become smaller in the bent fibers. This is due to
elimination of high-order modes in small-bore fibers and excita-
tion of edge-guidance modes whose attenuation is independent
of the bore sizes.
We also tested durability of the aluminum-coated hollow
fibers. After transmission of more than 1 000 000 pulses, we
did not find any degradation in the transmission property. This
result shows the advantage of hollow fibers over solid-core
glass fibers, which is usually deteriorated with radiation of laser
pulses. Also, after the fiber had been left in air for 6 months,
no change in the transmission characteristics was observed.
Therefore, we confirmed that oxidation of aluminum surface in
air does not affect the property of the fiber significantly.
Fig. 6 shows flexibility of an aluminum hollow fiber with
an inner diameter of 0.32 mm. The transmission loss is around
2.5 dB for the 1-m-long fiber bent 90 at the bending radius of
100 mm. Due to the high flexibility and relatively low transmis-
sion loss, these small-bore fibers are applicable to many medical
applications including laser angioplasty using excimer lasers.
When the fiber is inserted into the body, however, the hollow
core should be kept in vacuum by sealing the distal end of the
fiber [17].
Fig. 6. Flexibility of small-bore hollow fibers with an inner diameter of 0.32
mm.
Fig. 7. Gas introducing attachment for hollow fibers.
C. F -Excimer Laser Delivery
In a preliminary test using an F -excimer laser, we found that
it is necessary for effective transmission to apply a pressure into
the bore of hollow fibers with an inert gas. Therefore, we im-
proved the gas-introducing attachment as shown in Fig. 7 to
apply a pressure higher than 300 kPa. The laser beam emitted
from the laser window is focused to input end of a hollow fiber
by an MgF lens with a focal length of 180 mm. Since the un-
focused beam with a low energy density does not have to be
pressurized, those parts are purged with nitrogen at a low pres-
sure. On the beam path that is close to the fiber’s input end
and in the hollow core of the fiber, the energy density of laser
light is so high that a slight amount of oxygen contained in the
regular-grade purified nitrogen is transformed into absorptive
ozone. To remove this effect, we introduced high-speed gas flow
into the hollow fiber by pressurizing the input end of the hollow
fiber. The input end of hollow fiber is enclosed in a stainless
steel vessel with a CaF window to apply a high pressure. Due
to a bellows joint, the vessel can be moved independently to the
lens and other optics for optical alignment.
Using the gas-introducing attachment, we first measure the
dependence of the transmission losses of the aluminum-coated
fiber with an inner diameter of 1.0 mm and a length of 1 m.
The F -excimer laser equipment employed in the measurement
emits the pulse energy of around 1 mJ at a repetition rate of
100 Hz. As seen in the result shown in Fig. 8, the loss saturates
at 0.5 dB for pressures higher than 200 kPa. The absorption
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Fig. 8. Transmission losses of aluminum-coated hollow fiber versus purged
nitrogen pressure. Inner diameter of the fiber is 1.0 mm and the length is 1 m.
Fig. 9. Measured straight and bending losses of aluminum hollow waveguides
for F -excimer laser light. Length of the fibers is 1 m and the bore diameters
are 1 and 0.7 mm.
mechanism is under investigation and the pressure which is
necessary for loss saturation may be lowered by using a higher
purity nitrogen or other gases.
Fig. 9 shows the bending losses of the aluminum-coated
hollow fibers with inner diameters of 0.7 and 1.0 mm. The
straight losses are 0.5 dB for the 1-mm bore fiber and 1.0 dB
for 0.7 mm. Although the bending induces a loss increase, the
losses at the bending radius of 0.3 m are allowably low as 2.1
and 3.1 dB for the 1.0 and 0.7 mm bore sizes, respectively.
D. VUV Remote Spectroscopy
In some VUV applications such as laser lithography, there
are occasional needs for remote spectroscopy measurement of
samples. We proposed a system for measurement of reflectance
and transmittance of small samples, and here we show the pre-
liminary results. The system is schematically shown in Fig. 10
and, for remote spectroscopy, we used four aluminum hollow
fibers which are bundled together to deliver the VUV light to a
sample chamber. Each fiber in the bundle is 1 mm in diameter
and 80 cm in length.
Fig. 11 shows measured transmission spectra of calcium
fluoride and fused silica windows with a 1-mm thickness. The
samples are put between the output end of the fiber bundle and
photomultiplier detector. A stable measurement was capable for
the wavelength region from 120 to 300 nm. Fig. 12 is a result
of reflectance measurement of aluminum plate polished with
alumina powder. The incident angle is 45 and the absolute
reflectance is evaluated by comparison with a measured value
of an evaporated, smooth aluminum film on a glass plate whose
absolute reflectance is measured in advance by a conventional
Fig. 10. Experimental setup for VUV remote spectroscopy.
Fig. 11. Transmission spectra of calcium fluoride and fused silica glass
windows with 1 thickness of 1 mm. Measurement was performed by using a
hollow fiber bundle with a length of 80 cm.
Fig. 12. Measured reflectance spectrum of an aluminum plate ground by
aluminum oxide powder for the incident angle of 45 . Surface roughness of
the plate is around 20 nm in rms value.
method. Since we employed a small sample chamber, it is
evacuated through the hollow fiber bundle; therefore, one can
build a flexible setup in a low cost.
V. CONCLUSION
We presented the transmission properties of hollow optical
fibers for VUV and UV light delivery and showed the capa-
bility for applications using these wavelengths. Hollow optical
fibers are also applicable to shorter wavelengths including ex-
treme UV and X-ray by choosing suitable materials for the inner
coating. Reduction of surface roughness of the inner wall of the
fibers is essential for improving the efficiency of the fibers.
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